[1] We combined the analysis of sediment trap data and satellite-derived sea surface chlorophyll to quantify the amount of organic carbon export to the deep sea in the upwelling induced high production area off northwest Africa. In contrast to the generally global or basin-wide adoption of export models, we used a regionally fitted empirical model. Furthermore, the application of our model was restricted to a dynamically defined region of high chlorophyll concentration in order to restrict the model application to an environment of more homogeneous export processes. We developed a correlation-based approximation to estimate the surface source area for a sediment trap deployed from 11 June 1998 to 7 November 1999 at 21.25°N latitude and 20.64°W longitude off Cape Blanc. We also developed a regression model of chlorophyll and export of organic carbon to the 1000 m depth level. Carbon export was calculated for an area of high chlorophyll concentration (>1 mg m
Introduction
[2] The ''biological pump'' plays an important role in the global ocean carbon cycle. Carbon dioxide (CO 2 ), dissolved in seawater, is transformed to particulate organic carbon during photosynthesis. Organic carbon (C org ) produced near the surface can be transferred to deeper parts of the water column by sedimentation and convection [Longhurst and Harrison, 1989] . As soon as the C org leaves the surface mixed layer it is no longer available for gas exchange via remineralization at the ocean-atmosphere boundary layer. While sinking through the water column, a substantial part of C org is remineralized by microbial respiration which converts it back to dissolved carbon dioxide.
[3] The timescale of exchange of CO 2 with the atmosphere depends on the remineralization depth. The ventilation of subphotic ocean waters typically takes up to 100 years in the upper and middle ocean and up to several hundred years in the deep ocean. Therefore the biological pump in conjunction with CO 2 liberated by carbonate precipitation substantially controls the CO 2 concentration of the euphotic zone. Gas exchange at the ocean-atmosphere boundary layer couples the oceanic with the atmospheric CO 2 reservoir. Regarding the pathways of marine carbon, two points are of particular importance to eastern boundary upwelling areas: (1) Production is high compared to the total upwelling area and (2) owing to their wind-driven forcing, upwelling systems react quickly and sensitively to climate oscillations. Hence understanding the export of C org in upwelling regions is essential for the understanding of climate oscillations and its interrelation with atmospheric and oceanic CO 2 concentration.
[4] In order to determine the temporal and spatial variations of organic carbon export, numerous investigations have been conducted worldwide during the past decades that examined sediment trap data, sediment accumulation rates at the seafloor, and oxygen saturation at the sedimentwater interface [Jahnke, 1996] . Observations of surface primary production and chlorophyll concentration as well as particle flux to the deep sea reveal a series of complex, overlapping processes. Nutrient availability, plankton community, food web structure and the hydrodynamic regime have an impact on particle export efficiency [Antia et al., 2001; Bory et al., 2001; Doval et al., 2001; Fischer et al., 2000; Jahnke, 1996; Lutz et al., 2002; Martin et al., 1987; Neuer et al., 2002; Sauter et al., 2001; Schlüter et al., 2000] . There have been several attempts to find relations between sea surface parameters and sediment trap fluxes. For example, Deuser et al. [1990] , Asper et al. [1992] and Bory et al. [2001] have shown that variations in primary production can be reproduced in trap results. Müller and Fischer [2001] found good correlation of surface water temperature deduced from alkenone analysis of trap material and remotely sensed sea surface temperature. Faunal composition in sediment trap samples can indicate oceanic, upwelling or fresh-water provenance . Additionally, particle export was estimated by numerous models [Bacastow and Maier-Reimer, 1990; Buesseler, 1998; Lutz et al., 2002; Najjar et al., 1992; Palmer and Totterdell, 2001; Sarmiento et al., 1995; Schlitzer, 2002; Six and Maier-Reimer, 1996; Toggweiler et al., 2003] . Although the qualitative relationship between surface parameters and the deep-sea record has been shown in several cases, it is still difficult to predict the amount of particle transfer from the surface to the deep ocean [Bory et al., 2001] .
[5] Here we determine the empirical relationship of remotely sensed sea surface chlorophyll concentration in the upper tenths of meters in upwelling induced high chlorophyll areas and resulting deep-sea C org flux. The C org flux was recorded by a bottom-tethered sediment trap deployed in 3580 m depth about 200 km off Cape Blanc, NW Africa. Chlorophyll concentration for the working area from 5°N-35°N and 5°W-35°W as measured with the SeaViewing Wide-Field-of-View Sensor (SeaWiFS) was provided by the Goddard Space Flight Center Distributed Active Archive Center. We carried out a lag-correlation analysis of the sediment trap record and surface chlorophyll to better determine the source area of deep-sea trapped C org . The linear regression of the chlorophyll biomass in the source area and lagged trap signal was used as a simple empirical export model for the whole investigation area. The estimation of C org export to the deep sea from satellite-born chlorophyll data was restricted to the high productivity area (>1 mg Chl-a m
À3
) off NW Africa to confine the model application to a more homogeneous working area. Shelf and upper ocean margin regions up to 1000 m depth were excluded to determine true export away from seafloor remineralization during deep winter mixing.
Regional Settings
[6] This study was carried out in the NW African upwelling area, one of the prominent eastern boundary upwelling systems located at the eastern border of the North Atlantic Subtropical Gyre (Figure 1 ). The seasonal variation of NE trade wind position and intensity controls the westward directed Ekman transport of nearshore surface waters. Upwelling of subsurface waters compensates for the surface mass deficit. The appearance and zonal width of the upwelling zone depends also on the shelf width and seafloor topography along NW Africa. The 50-70 km broad coastal band of ''primary upwelling'' is separated by a front from the Canary Current [Hagen, 2001] where ''secondary upwelling'' occurs [Mittelstaedt, 1991] . Along the coast, upwelled waters interact with the Canary Current and are deflected southward and westward. Upwelling is most persistent throughout the year near Cape Blanc at 20°N. Higher and lower latitudes show a more seasonal upwelling pattern, following the migration of the Intertropical Convergence Zone (ITCZ) [Mittelstaedt, 1991; Nykjaer and Van Camp, 1994; Schemainda et al., 1975; Van Camp et al., 1991] . Along the NW African coast, highest upwelling intensity is located at capes such as Cape Ghir, Cape Yubi, Cape Blanc and Cape Verde. Especially off Cape Blanc, ''giant filaments'' with chlorophyll concentrations above 1 mg m À3 persist year round, spreading from the coast several hundred kilometers offshore [Van Camp et al., 1991] . North of Cape Blanc the upwelled water which originates from the North Atlantic Central Water mixes with South Atlantic Central Water toward the south [Mittelstaedt, 1983] . Increasing nutrient concentration south of Cape Blanc due to upwelling of nutrient rich South Atlantic Central Water promotes phytoplankton growth between Cape Blanc and Cape Verde. Toward 12°N, upwelling is also fed by the North Equatorial Under Current [Hagen and Schemainda, 1984] . A further likely source of nutrients is the deposition of significant amounts of Saharan dust into the northern Atlantic by the mid-tropospheric Harmattan winds originating from the central Sahara [Mittelstaedt, 1983; Neuer et al., 2004; Swap et al., 1996; Torres-Padrón et al., 2002] .
Data and Methods

Sediment Trap Data
[7] Off the coast of Mauritania, NW Africa, the particle flux was determined using sediment traps of type SMT 234 Aquatec Meerestechnik, Kiel. A sediment trap was deployed at 21.25°N; 20.70°W from 11 June 1998 through 7 November 1999 at a depth 3580 m (trap ID: CB9). It was deployed 541 m above the seafloor to avoid input from particle resuspension. The sampling interval was 1 Â 7.5, 18 Â 27.5, 1 Â 11.5 days [Schulz et al., 1999; Wefer et al., 2001] . To minimize biological activity, sampling cups were poisoned with HgCl 2 prior to and after deployment. Particles were water-sieved using 1-mm mesh. Organic carbon was determined with a CHN-analyzer (HERAEUS) using a few milligrams of freeze-dried material (<1 mm), which was decalcified with 6 N HCl in silver boats and dried on a hot plate at 80°C prior to the analysis. Organic carbon fluxes must be regarded as conservative values owing to some decomposition and remineralization of organic matter in the sample cups [Fischer et al., 2000; Fischer and Wefer, 1991] . Measurements of, for example, dissolved silica in the supernatant water of the collector cups reveal near-saturation concentrations, which can comprise a substantial amount of the total sedimented particulate organic silica during low silica sedimentation [Fischer and Wefer, 1991; von Bodungen et al., 1995] . Laboratory experiments with samples from short term traps show 20% loss of particulate organic carbon for shallow traps (100-300 m) and 5% loss for deep traps (1000-3000 m) [von Bodungen et al., 1995] . At our deployment depth (3580 m) most of the labile material is likely already respired.
[8] Biogenic opal was determined with a sequential leaching technique [DeMaster, 1981] modified after Müller and Schneider [1993] . (1) Carbonate (Carb) was calculated as described by Wefer et al. [1989] ,
(2) The lithogenic fraction was determined after Wefer and Fischer [1993] ,
where L is lithogenic material, and Flux T , Flux O , Flux C and Flux Corg are total, opal, carbonate and C org flux, respectively.
[9] The accuracy of sediment trap results may be impaired by the effects of lateral particle advection within the nepheloid layer [Fischer and Wefer, 1991; Neuer et al., 1997] ; also, strong currents have been identified to have a lasting influence on trapping efficiency [Baker et al., 1988] . To evaluate this effect, Aanderaa current meters were deployed in the same mooring during May to November 1991 at 3600 m depth. A critical value of >10-12 cm s À1 [Knauer and Asper, 1989] was reached for only 1 hour while the mean velocity for the period May to November 1991 was at 2.9 cm s
À1
. Therefore we assume that the CB9 trap was not disturbed by high current velocities.
SeaWiFS Chlorophyll Data
[10] Satellite-born chlorophyll data derived from SeaWiFS measurements were used to evaluate the relationship of surface phytoplankton biomass and export to the deep sea. Here ''surface'' refers to the attenuation depth. The attenuation depth was calculated for the CB9 trap location from SeaWiFS seasonal mean K490 product, which shows the diffuse attenuation coefficient at 490 nm wavelength [Mueller, 2000] . The relation z = 1/K490 [Gordon and McCluney, 1975] reveals an attenuation depth of 14 ± 7 m for the period September 1997 through December 2001 at the CB9 trap location.
[11] For chlorophyll analysis, daily standard chl-a images mapped to an equidistant cylindrical projection with an equatorial resolution of 9 km Â 9 km [Campbell et al., 1995] were used from the third reprocessing which used the OC4v4 algorithm [O'Reilly et al., 1998 ].
[12] Cloud coverage, aerosols, dust load in the atmosphere and suspended sediment in surface water impair the accuracy of space-born chlorophyll sensing. As far as possible, corrections for these influences are applied during data processing, otherwise corresponding data point were masked as invalid (NASA/GSFC SeaWiFS Data Processing Center). Recent changes in data processing have improved the yield of valid data significantly (for details see http:// oceancolor.gsfc.nasa.gov/REPROCESSING/SeaWiFS/R4/). The effective daily data coverage in the investigation area varied from 5 to 30%. The 4-year mean was 14.2%. We created a rolling composite over 11 days, similar to those applied at the Goddard Space Flight Center (http:// oceancolor.gsfc.nasa.gov/cgi/level3.pl), to obtain a compromise between data coverage, artifacts introduced by interpolation and CPU time. An inverse distance weighted mean (IDWM) over an 11-day timespan was used to interpolate missing data. Afterward, we applied a circular IDWM in space with a diameter of 11 pixels. After the interpolation procedure some data gaps still remained at positions of persistent cloud coverage. We determined the area of best correlation of surface chlorophyll and sedimentation patterns to achieve a better approximation to the sediment trap source region within the most likely statistical and hydrographical catchment area. As remaining gaps do not significantly disturb the calculations, we left these unfilled in order to avoid the use of inaccurate data. However, to derive the C org export quantitatively from chlorophyll data, missing data had to be estimated. Remaining data gaps were therefore filled with monthly SeaWiFS chlorophyll climatologies. The monthly climatologies were produced by calculating the mean of valid data for each coordinate of the corresponding month. The available monthly SeaWiFS chlorophyll time series ranged from September 1997 through February 2002. The time span of available data leads to a monthly mean derived from 4-and 5-year observation, respectively. SeptemberFebruary means comprise a 5-year data whereas the March to August means comprise a period of 4 years. (Such climatologies are now available at http://oceancolor.gsfc. nasa.gov/cgi/climatologies.pl.)
Definition of Upwelling Zone
[13] It is possible to define the area of upwelling by different parameters. Sea surface temperature, ocean color, and corresponding chlorophyll concentration, primary production as well as density, salinity or nutrient concentration can be used to discriminate upwelled water. Thus the definition of the extent of upwelling influence is subject to the threshold of the respective parameter. Owing to turbulent mixing of surface water and upwelled subsurface water, there is no clear boundary but a transition zone between them. In this work, the high chlorophyll zone (HCZ) is studied and in accordance with preceding studies, a threshold of 1 mg chlorophyll m À3 is used for the HCZ [Carr, 2002; Deuser et al., 1990; Nixon and Thomas, 2001; Strub et al., 1991] . This perspective focuses more on the biological response to the higher nutrient supply and the resulting export of organic carbon than on the physical upwelling itself; a distinction is not made between elevated nutrient concentration in upwelled water and that resulting from winter mixing of near surface waters.
Results and Discussion
Sediment Trap Record
[14] From June 1998 through November 1999 total particle flux to the sediment trap at 3580 m shows three maxima: The strongest peak in August -September 1998 (390 mg m À2 d
À1
) and two lesser ones in February -April 1999 and July 1999 (345, 247 mg m À2 d
; Table 1 material and organic carbon flux is twofold; strong winds intensify upwelling induced phytoplankton growth as well as dust transport from the Saharan-Sahelian region [Chomette et al., 1999] . Additionally, dust input to surface waters promotes formation of fast settling aggregates [Buat-Ménard et al., 1989; Ratmeyer et al., 1999a] . The flux of CaCO 3 contributed with 38% to 81% to the total flux and largely mirrors the total flux pattern. Armstrong et al. [2002] stated that mineral ballast is quantitatively associated with C org at least for depths >1800 m. We found correlations for C org and CaCO 3 r = 0.75; C org and lithogenic material r = 0.3 and for C org and total mineral ballast (opal, CaCO 3 , lithogenic material) r = 0.89.
[15] To evaluate the trapping efficiency, natural radionuclide measurements were applied in preceding studies [Bacon, 1996; Scholten et al., 2001; Yu et al., 2001] . For this method, the ratio of 230 Th flux measured in the traps to the expected 230 Th flux from the production rate of 230 Th in the overlaying water column was taken as a measure for trapping efficiency. While the Th flux in shallow traps (<1000 m) was generally lower than predicted, the results of meso-to bathypelagic traps were validated [Yu et al., 2001] . Hence our trap results were not corrected for radionuclide trapping efficiency.
[16] To validate the CB9 trap results as a basis for the C org export model discussed below, it was indispensable to identify possible source regions for the sample material. In addition to a statistical determination of a possible surface source region, described below, the sample composition gives evidence for upwelling influence into the trap: The surface transport off the Cape Blanc area is strongly dominated by trade wind-driven Ekman transport and the coastal branch of the Canary Current. Although this makes it difficult to determine the exact origin of material collected by sediment traps, long-time sediment trap studies at the CB site allow recognition of a good relationship between the seasonal and interannual variability of the siliceous phytoplankton signal collected at the CB site, and the interplay of water masses and the large offshore transport off Mauritania. Romero et al. [2002] related the strong contribution of neritic, coastal upwelling-associated diatoms during spring/summer into the pelagic realm to seaward transport of coastal waters. Higher fluxes of silicoflagellates and the dominance of pelagic diatoms, mainly in winter, reflect the intermingling of open-ocean, nutrient-poorer waters, in coincidence with periods of wind relaxation. Additionally, strong interannual variations of the diatom flux were associated with the reduction of coastal upwelling intensity and the seaward spreading of the chlorophyll filament [Romero and Hensen, 2002] .
Temporal Evolution of Surface Phytoplankton Concentration From Coast to Trap Station
[17] A time series of surface chlorophyll was extracted at five positions, equidistantly placed between the sediment trap mooring and the adjacent African coast due east to track the signal of surface phytoplankton concentration development (Figure 3 ). Considering the mainly upwelling driven offshore transport of surface water slightly deflected toward south from the slow Canary Current, one might expect to see pulses of high chlorophyll concentration passing over some of the locations. At least one chlorophyll maximum was clearly tracked from the coast to the trap position and was recorded subsequently in the trap itself. It was first seen near the coast at 18 October 1998 and migrated the 360-km distance toward to the trap location in the west with an average velocity of 0.07 m s
À1
. Small-scale internal velocities within offshore transported upwelled water may be substantially larger. For example, Kostianoy and Zatsepin [1996] analyzed satellite images and in situ sea surface temperature to determine cross frontal water exchange. They observed an average offshore development of fast coldwater injections of 0.91 m s À1 between 15°N and 25°N off NW Africa. Our observation of a bloom at all five positions should therefore be considered exceptional taking into account the highly turbulent nature of offshore waters (e.g., meandering, eddy formation) and conditions unfavorable for optical remote sensing. [18] The surface chlorophyll time series suggests the surface advection of additional high chlorophyll areas in middle to late summer 1998 and 1999 although these were less obvious (dashed line in Figure 3) . A possible explanation is that chlorophyll measurements in both periods suffer from weak data coverage in the non-interpolated daily source data. The seasonally migrating ITCZ has its northernmost position in the late boreal summer and prevents continuous ocean color sensing due to increased cloud cover. While the average data coverage for the whole trapping period is about 12.6%, it decreased to 4.5% and 3.7% in June to September 1998 and 1999, respectively. A high coverage of 24.6% is reached from 21 November 1998 to 12 May 1999, which included the tracked chlorophyll maximum.
[19] The rate at which particles sink is very much dependent on the nature of the particle [Siegel et al., 1990] . Ultraplankton for example sink at <0.1-2 m d À1 [Bienfang, 1980] , algal aggregates 40-150 m d À1 [Smetacek, 1985] and mesozooplankton fecal pellets 20-900 m d
À1 [Fowler and Small, 1972] .
[20] The delay between chlorophyll-a peaks at the sea surface above the trap and the corresponding sedimentation peaks in the trap show an average lag of 47 days (varying between 21 and 61 days). This average lag was determined by matching five dominant maxima of above-trap chlorophyll concentration and a spline fit to C org flux within the trap. With a given trap deployment depth of 3580 m this reveals a mean downward particle flux velocity of 75 m d . This is comparable to results from previous studies [Deuser et al., 1990; Fischer et al., 1996; Mü ller and Fischer, 2001; Ratmeyer et al., 1999b] . High sinking speeds of 280 m d
found in 1990-1991 at the CB position are explained as a consequence of high lithogenic material input [Fischer et al., 1996] .
[21] One has to keep in mind when correlating surface to deep sea fluxes that chl-a was calculated from SeaWiFS channels in the visible light spectrum and therefore only reflects chl-a within the attenuation depth of 14 ± 7 m during the study period from where light could be detected. Deep chlorophyll maxima would therefore not be identified Figure 3 . Surface chlorophyll time series for the CB9 trapping period. Equidistantly placed time series on a zonal transect between 35 km off the African coast (A) and the trap position (E) were extracted to identify single events of high surface chlorophyll concentration near the coast and to track their offshore westward evolution toward the trap position. One chlorophyll maximum can be clearly followed from the coast to the trap position (A -E) and into the trap (E-F) (light shading). A less-pronounced maximum detected in June 1998 at 17.37°W is assumed to arrive in the trap $80 days later (dashed line). Position E matches the CB trap location.
in this chl-a data set. During the main upwelling season at NW Africa (20°N) in late winter and spring the chlorophyll maximum was established in the nutrient rich surface water. In fall it shifted to depths below 60 m [Barlow et al., 2002] ; out of reach for remote sensing. Nevertheless deep chlorophyll maxima showed no significant impact on our results as seen in congruent minima values in observed and modeled C org flux (see Figure 6 in section 4.4).
Spatial Correlation of Surface Chlorophyll With Export Flux
[22] We estimated the trap source region through correlation. The following steps were performed to determine the spatial correlation and the source of material:
[23] 1. The C org flux measured in the trap was interpolated to daily values using a cube spline interpolation [Deuser et al., 1990] .
[24] 2. A time series of average chlorophyll data was extracted over an area of 99 km by 99 km (11 by 11 pixels) to the east of the trap position (Figure 4 ). This area was used as a first approximation of the source area. Matching patterns of maxima in C org flux and surface chlorophyll exhibited an average time shift of 47 days. A 47-day lagged correlation of C org flux and a daily mean over the 99 km by 99 km box revealed a moderate correlation of r = 0.52.
[25] 3. A 47-day lagged correlation of C org flux at each pixel of the chlorophyll field served to better the approximation to the source region. A series of lagged correlations with an increasing lag from 0 to 100 days at 10-day intervals was produced to study the temporal evolution of the relationship between surface chlorophyll and interpolated C org flux (Figure 4) .
[26] 4. In order to meet the requirement that the source area be located within the ''statistical funnel'' [Siegel and Armstrong, 2002; or ''catchment area'' [Waniek et al., 2000] and within a hydrographically sensible vicinity to the trap, a semi-circle of 800 km radius to the east of the trap location was selected (Figure 4 ). This semi-circle describes the region which should provide about 90% of the material sampled by the trap. Within the semi-circle the zone of correlation r > 0.5 at 47 days lag was taken as the trap signal source region. These selection parameters resulted in an area of about 6000 km 2 bounded by latitudes 20. [27] The development of the spatial correlation was analyzed to identify particle transport toward the trap. At zero lag, only a narrow area east of trap position reflected positive correlation. With increasing lag, the area of positive correlation expanded toward the coast in the east and the south, while the degree of correlation itself increased. The nearshore region showed positive correlation only when the lag exceeded 60 days. This migrating pattern of the relationship with increasing lag from the trap position toward the east can be interpreted as an impact of different particle sources. Autochthonous, near surface grown biomass may contribute to the deep-sea flux within a few days. Distantly grown material, which mainly contributes to the flux, is transported in the surface flow field for days to weeks before settling. Hence the distance between trap position and the location of surface correlation signal grows with increasing lag. This near-surface transport is not necessarily restricted to the euphotic zone and therefore within the sensitive depth for the SeaWiFS sensor.
[28] Recent studies suggest that C org flux is controlled more strongly by fluxes of mineral ballast, especially those of carbonate, than by surface production alone Francois et al., 2002] . A compilation of global sediment trap data by Klaas and Archer [2002] indicated a strong global relation of C org to CaCO 3 fluxes. Carbonate acts as ballast mineral and facilitates a rapid sedimentation of organic matter within high-density aggregates. The latter authors found a better overall correlation in sedimented matter for C org and CaCO 3 (r = 0.69) than for C org and lithogenic (r = 0.61). In the area of this study, though, intense input of Saharan dust [Chiapello et al., 1995; Swap et al., 1996] and the ensuing formation of high density aggregates seem to play an important part. This observation has been confirmed by good correlation of C org and lithogenic flux (r = 0.83) and a lower correlation of C org and CaCO 3 (r = 0.74). Even previous trap experiments at the Cape Blanc location have shown this close connection of lithogenic and C org [Fischer et al., 1996; Ratmeyer et al., 1999b] and resulting fast sedimentation. At a nearby position (18.5°N; 21.0°W) Bory et al. [2001] found sinking speeds of up to 800 m d À1 . The fast transport of the surface chlorophyll signal down to the deep sea facilitates the good correlation of surface and trap and contributes to the good fit of the regression model (see below).
[29] With this correlation of surface chlorophyll and flux signal we attempted to approximate the true source region of the trap signal instead of a mere selection of rectangular boxes around the trap. However, even this method is just an approximation of the source because the correlation analysis cannot account for displacements of the source region due to, for example, seasonal current changes Waniek et al., 2000] . Furthermore, it has to be considered that each trap sample is likely to be composed of particles of different sizes, density and hydrodynamic properties and, therefore, different transport durations, leading to different source regions.
[30] The development of the correlation pattern confirms previous findings about the direction and velocity of upwelling driven lateral particle transport and vertical particle flux in the Cape Blanc region [Kostianoy and Zatsepin, 1996; Mittelstaedt, 1983] . Therefore the correlation analysis appears to be a reliable approximation of the true trap signal source region.
[31] In the context of surface to trap correlation it should be considered that chl-a as calculated from SeaWiFS channels in the visible light spectrum which only reflects the chl-a present in phytoplankton within the attenuation depth. Deep chlorophyll maxima would therefore not be identified in the chl-a data. In the main upwelling season at NW Africa (20°N) in late winter and spring the chlorophyll maximum is established in the nutrient-rich surface water. In fall it shifts to depths below 60 m [Barlow et al., 2002] , out of reach for ocean color remote sensing.
Relationship of Chlorophyll to Export Flux
[32] Several attempts have been made to link export flux to surface production either from in situ measurements or from satellite derived primary production [Antia et al., 2001; Fischer et al., 2000] . Both methods have their specific advantages and disadvantages. Although in situ measurements may be inherently more reliable, despite ongoing discussion regarding accuracy and compatibility of the different methods used, it is nevertheless extremely HELMKE ET AL.: ORGANIC CARBON EXPORT AT THE NORTHWEST AFRICAN UPWELLING difficult to obtain sufficient spatial/temporal resolution. Computations of primary production from satellite sensors provide unique resolution in time and space; the algorithms, however, are mostly globally fitted [Behrenfeld and Falkowski, 1997; Howard and Yoder, 1997] . Hence regional characteristics might be neglected or even misinterpreted. The approach of linking deep-sea fluxes directly to remotely sensed sea surface pigment concentration was first applied by Deuser et al. [1990] . They investigated the relationship of seven years of organic carbon flux at 3200 m in the Sargasso Sea and Coastal Zone Color Scanner ocean color. A lag of 45 days revealed a correlation of r = 0.81 for the mean cycles of surface pigment concentration and organic carbon flux to 3200 m. In this study, likewise a linear regression model was applied to examine the relationship of sea surface chlorophyll and trap signals.
We extracted the daily mean of chl-a from the source region, previously defined by the degree of correlation. As a preparation for the regression analysis C org flux was derived for daily intervals using a cube spline fit to the trap intervals. Five main maxima in the daily C org flux curve were fitted to the corresponding five chlorophyll time series maxima with a pre-selected shift of 47 days, using the software program AnalySeries [Paillard et al., 1996] (Figure 5 ). The fitting is reasonable to avoid apparently low correlation and regression caused by displaced maxima. It is equivalent to a normalization of the average transport duration.
[33] A test of different smoothing factors applied to the chlorophyll concentration reveals the best correlation with a 50-day running average. The smoothing of the chlorophyll signal corrects for the turbulent mixing during the vertical transport to the trap. Additional sedimentation pulses can be smoothed out due to stimulation of mid-water biological activity as a response to elevated food supply [Lampitt and Antia, 1997] (Figure 6 ). The smoothing and broadening of flux peaks with increasing depth resulting from surface primary productivity peaks has also been documented by Asper et al. [1992] during the oligotrophic Oceanic Flux Program 80 km southeast of Bermuda in 1989 -1990. [34] Applying the smoothing to the lagged chlorophyll data for the source region proposed in this study, the best linear fit between sea surface chlorophyll concentration measured from satellite sensor (C Chl ) and C org flux at 3580 m (FC org (trap)) is [35] The scattering of data in Figure 6 may suggest a nonlinear part in the low chlorophyll region. However, we applied the linear model because (1) only one sediment trap sample is responsible for low C org flux values (<2 mg C org m À2 d À1 ) and (2) for the application of the data model only HCZ were examined, which have a chlorophyll concentration by definition >1 mg chlorophyll m
À3
, within the more linear section of the relationship (Figure 6, insert) . The relatively small number of 20 trap samples does not permit a reliable fit to a higher-order polynomial function. Although the direct relation of surface chlorophyll concentration and organic carbon flux in the deep sea has been questioned [Boyd and Newton, 1999] , the regional approach and use of concurrent data in this study clearly support this connection.
Calculated Export to the Deep Sea in the HCZ
[36] The linear regression model of surface chlorophyll concentration to deep sea C org export was applied to the HCZ along the NW African coast. Data from August/September 1997 to the end of 2001 were used to calculate C org export from the photic layer to the deep sea. The export to the deep sea is an estimate within a box region covering the NW African upwelling from 5°N to 35°N and 5°W to 35°W that includes far offshore drifting plankton blooms, but excludes signals of the Azores front in the north or equatorial upwelling in the south. These prerequisites were chosen to restrict the calculations to a sufficiently homogeneous environment for which the export function was assumed to be valid. We calculated C org export for the deep sea where water depth exceeds 1000 m. According to JGOFS protocols [Ducklow and Dickson, 1996] , the 1000-m depth is established as an international reference for mid-depth sediment trap deployments. Flux at the 1000-m depth is considered true export since it is below the depth of deepest mixing. We normalized the calculated export to 1000 m using the formula developed by Martin et al. [1987] so as to utilize the outcomes in comparisons with other results referring to the 1000-m reference depth.
where FC org (1000) is the C org flux at 1000 m, FC org (trap) is the C org flux at trap depth and Z trap is the trap depth (3580 m) and the exponent b describes the depth dependence of flux. Martin et al. [1987] derived an exponent of b = À0.858 from six free-floating particle interceptor traps from 1980 to 1984 in the oligotrophic northeast Pacific. This ''open-ocean composite'' has been used in several export studies [e.g., Buesseler et al., 2000; Emerson et al., 1997; Fischer et al., 2000; Sarmiento et al., 1998 ]. The shape of the particle flux profile depends mainly on vertical transport velocity and microbiological remineralization efficiency. Since these factors vary with space and time, the shape of the particle profile is variable as is the exponent b [Francois et al., 2002; Schlitzer, 2002; Usbeck, 1999] . In our study an exponent fitted to high production areas was considered. Therefore a composition of exponents from California and Peru upwelling stations was used (VERTEX Stat. 1 and PERU) [Martin et al., 1987] . For the given trap depth of 3580 m the high production composite exponent (b = À0.576) yielded a 46% higher export to 1000 m than the oligotrophic exponent (b = À0.858). Combining export function (1) and depth normalization (2) results in the following relationship for surface chlorophyll and C org flux to 1000 m:
[37] Applying the relationship to the chlorophyll field, all 4 years (1998) (1999) (2000) (2001) were characterized by a clear, recurring seasonal export pattern (Figures 7a and 7b) . From a minimum in August -September, the export increased up to the April -May maximum the following year, but with superimposed short-term spikes of intensified export. Cross-shelf transport of nutrients due to deep mixing during periods of increased trade wind strength supports the growth of phytoplankton in the offshore area in spring. The area of high chlorophyll concentration decreased rapidly from May to August and consequently so did the calculated export (Figures 7a and 7b) . The period from August 1998 to July 1999, which was covered by the CB9 trap deployment, developed remarkably differently. An exceptional increase of export of up to 19.2 Gg C org d À1 from the HCZ was found, which was about threefold the maximum of 6.0-7.8 Gg C org d À1 in the other 3 years (Table 2) . After a decrease in January 1999 the spring bloom maximum in 1999 developed much broader and stronger than in 1998, 2000 and 2001. As a result, the accumulated C org export in August 1998 to July 1999 reached 2.25 times the mean yearly export of the other three comparable periods or 1.72 times that of all 4 years. We lack a definitive explanation for the exceptionally high export in 1998 -1999. However, the multivariate El Niño-Southern Oscillation index was extraordinarily high in February to May 1998 (Climate Diagnostics Center, University of Colorado at Boulder, www.cdc.noaa.gov/ENSO/). Some authors propose teleconnections from ENSO-driven anomalies in the Pacific even to the Atlantic region [e.g., For the yearly average missing data in 1997, before the onset of SeaWiFS data, acquisition was derived using the mean of the corresponding periods in August 1999 and 2000. Dong et al., 2000; Huang et al., 1998; Janicot, 1997; Roy and Reason, 2001] .
[38] The coherent structure of HCZ size and daily C org export is reflected in the low variability of the average C org export (Figure 7d) . Independent of the size of the HCZ, the average export from August 1997 to July 1999 varied only between 12 and 32 mg m À2 d À1 . Similar yearly mean C org export values had been reported by Fischer et al. [2000] for the CB site in 1988 -1991. Locations of higher export are smoothed out by large areas of lower export at the offshore parts of the HCZ. Momentary peaks of high average export originate from ). Taking into account that at least two thirds of our HCZ is covered by the ''North Atlantic Tropical Gyre'' with a low primary production rate of 0.29 g m À2 d
À1
, the resulting export ratio increases to 3%, which is within the range found in other studies [Antia et al., 2001; Berger et al., 1988; Betzer et al., 1984; Pace et al., 1987; Suess, 1980] .
[40] The seasonal variation of the spatial C org export pattern to 1000 m is shown in Figure 8 . Generally small variation is observed in summer (June to August) over the years 1998-2001 where the zone of HCZ is approximately restricted to 16°N-24°N latitude. The 3-month mean for C org export does not exceed 22 mg m À2 d À1 in this season. The variability increases in fall (September -November), when export was strong and extends up to 1300 km westward in 1998, but was weaker and more confined to the coast in 1999 through 2001. Stripes of enhanced export were recognized in 2000 and 2001 along the coast southward to 6°N. In winter (December -February) the export developed a large spatial extension from 6°N to 24°N and, except for 1998, was characterized by elevated export patterns extending far offshore. The winter variability was dominated by the extraordinary export production in 1999 when the nearshore export was much higher and the westward extension exceeded the other three years by up to 1000 km. A ''hot spot'' of export was confined to a 250-km-wide region centered at 20°N in the southwest of Cape Blanc and near the shelf edge around Cape Verde (Figure 8) .
[41] Spring was the season of strongest export in all years except 1999, when the highest export developed in winter. Nearshore C org export values of more than 27 mg m 
Model Applicability
[42] The main advantage of our regression model is that it is fitted to regional export conditions near the trap positions and furthermore that the application is confined to an area of more homogenous export controlling factors (i.e., chlorophyll concentration). Broadening the application of the model is possible where concurrent sediment trap and satellite data sets are available. Ideally, the exponent for depth depending remineralization of organic carbon should also be regionally fitted which is still hampered by the scarce availability of multidepth trap data.
[43] The restriction of the model application to a more homogeneous area is specifically important in regions of high variability such as eastern boundary upwelling areas. By adjusting the area of the HCZ on a daily basis on the basis of a chlorophyll concentration threshold, we accounted for the high variability typically associated with high productive upwelling systems.
[44] We have shown that the HCZ and therefore high C org export values can extend up to 1300 km westward of the NW African coast (Figure 8 ), deeply penetrating into the North Atlantic Subtropical Gyre, which is normally considered an oligotrophic production system. These findings incite a re-evaluation of the concept of firm borders separating ocean provinces.
[45] In a recent study, Muller-Karger et al. [2005] underlined the importance of the ocean margins (50 -2000 m depth) in the calculation of global organic carbon export to the seafloor. These authors calculated that 66% of the global particulate organic carbon flux to 800 m depth occurs in the margin region. Hence we believe that future implementation of our approach in particular for upwelling areas improves our quantitative understanding of global carbon export.
Concluding Remarks
[46] Our approach to determine a statistical source region for material sampled by a bottom tethered sediment trap improved the relation of surface and deep-sea signal. The application of a derived regression model was restricted to an area within ''soft'' bounds which was defined by inherent environmental parameters such as chlorophyll concentration. This restriction was chosen to avoid the model application to areas controlled by a different biological and transport regime. This restriction would be more difficult in a working area defined by fixed geographical borders.
[47] We show here that strong interannual variations exist in C org export out of the upwelling-driven high production area off NW Africa. Upwelling variations are not only reflected in biomass production but can be mirrored in C org export flux to the deep sea as measured by sediment traps about 200 km off Cape Blanc. The exceptional period fall 1998 to spring 1999 which followed the strong El Niño/La Niña showed export values exceeding the other years by more than 100%.
[48] The use of a regionally fitted model and the dynamic definition of the area of application makes it possible to calculate C org export more precisely even from highly variable regions like eastern boundary upwelling. This approach would further benefit from longer time series of trap and chlorophyll data and the incorporation of multiple trap positions in a multidimensional regression model. and distribution of these data, respectively. These activities are sponsored by NASA's Earth Science Enterprise. Finally, we would like to thank two anonymous reviewers for their constructive comments and suggestions. P. H. was partially supported by NASA grant EOS/03-0000-0514.
